Direct quantification of the four individual S states in Photosystem II using EPR spectroscopy  by Han, Guangye et al.
Biochimica et Biophysica Acta 1777 (2008) 496–503
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbab ioDirect quantiﬁcation of the four individual S states in Photosystem II using
EPR spectroscopy
Guangye Han a, Felix M. Ho a, Kajsa G.V. Havelius a, Susan F. Morvaridi b,
Fikret Mamedov a, Stenbjörn Styring a,⁎
a Molecular Biomimetics, Department of Photochemistry and Molecular Science, Ångström Laboratory, P.O. Box 523, Uppsala University, SE-751 20 Uppsala, Sweden
b Department of Chemistry and Biochemistry, University of California-Los Angeles, California 90095-1569, USAa r t i c l e i n f oAbbreviations: Car, carotenoid; Chl, chlorophyll;
electron donor to P680+; Cytb559, cytochrome b559;
resonance; DMSO, dimethylsulfoxide; MES, 2-(N-mor
NIR, near-infrared; OEC, oxygen evolving complex; P
chlorophylls in PSII; PpBQ, phenyl-p-benzoquinone; PS
primary and secondary plastoquinone acceptors of Phot
the PSII D2 polypeptide; YZ, tyrosine 161 of the PSII D1
⁎ Corresponding author. Tel.: +46 18 471 6580; fax: +
E-mail address: stenbjorn.styring@fotomol.uu.se (S.
0005-2728/$ – see front matter © 2008 Elsevier B.V. A
doi:10.1016/j.bbabio.2008.03.007a b s t r a c tArticle history:
Received 19 December 2007
Received in revised form 14 March 2008
Accepted 17 March 2008
Available online 21 March 2008EPR spectroscopy is very useful in studies of the oxygen evolving cycle in Photosystem II and EPR signals from
the CaMn4 cluster are known in all S states except S4. Many signals are insufﬁciently understood and the S0, S1,
and S3 states have not yet been quantiﬁable through their EPR signals. Recently, split EPR signals, induced by
illumination at liquid helium temperatures, have been reported in the S0, S1, and S3 states. These split signals
provide new spectral probes to the S state chemistry. We have studied the ﬂash power dependence of the S
state turnover in Photosystem II membranes by monitoring the split S0, split S1, split S3 and S2 state multiline
EPR signals. We demonstrate that quantiﬁcation of the S1, S3 and S0 states, using the split EPR signals, is indeed
possible in samples with mixed S state composition. The amplitudes of all three split EPR signals are linearly
correlated to the concentration of the respective S state. We also show that the S1 → S2 transition proceeds
without misses following a saturating ﬂash at 1 °C, whilst substantial misses occur in the S2→ S3 transition
following the second ﬂash.







Photosystem II (PSII) is a multisubunit protein complex which
catalyses the light-driven oxidation of water into molecular oxygen
and the reduction of plastoquinone in the thylakoid membrane of
higher plants, green algae, and cyanobacteria [1–3]. A core part in this
large enzyme is the OEC, which consists of a CaMn4 cluster and a
nearby redox-active tyrosine residue, YZ [4–9].
During theoxidationof twomolecules ofwater tooxygenandprotons,
theOEC cycles throughﬁve intermediate redox states, collectively called S
states, labelled S0–S4 [7–10]. The S0 state is the most reduced state while
the S1, S2 and S3 states represent sequentially higher oxidation states. S1 is
the dominant state in a dark adapted sample, while S2 and S3 are
metastable states that decay back to S1 state in a few minutes at room
temperature [11,12]. S4 is a transient state involved in the formation and
releaseofO2during S3→ [S4]→S0 transition [7–9,13,14]. Starting fromthe
dark stable S1 state, oxygen is thus released upon the application of three
short lightﬂashes and thereafter every fourﬂashes. All S states, except theChlZ, secondary chlorophyll
EPR, electron paramagnetic
pholino) ethanesulfonic acid;
680, primary electron donor
II, Photosystem II; QA and QB,
osystem II; YD, tyrosine 161 of
polypeptide
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ll rights reserved.transient S4 state, can be trapped by exposing PSII samples to different
numbers of laser ﬂashes followed by rapid freezing [12].
EPR spectroscopy provides a useful means to study the oxidation
states of the OEC of PSII. At present, EPR signals from the OEC in all
trappable S states have been detected (for a recent review see [15]).
The S0 and S2 states are paramagnetic, and display EPR signals from
the CaMn4 cluster under conventional perpendicular mode recording
conditions. The S2 state gives rise to the S2 multiline signal, centred
around g=2 and a broad EPR signal at g=4.1 [16–19], whereas the S0
state also displays amultiline signal in the presence of a few percent of
methanol [20,21]. The S1 state EPR signals (g=4.8, 12) have been
detected by using parallel mode EPR spectroscopy [22–25] while the
S3 state shows both broad parallel mode EPR signals (g=8, 12) and a
perpendicular mode EPR signal at g=6.7 [26,27].
In recent years, several metalloradical EPR signals (split signals)
attributed to the magnetic interaction between the oxidised YZ (YZox)
and the CaMn4 cluster in PSII have been described from each of the S1,
S2, S3 and S0 states when samples are illuminated with visible and/or
NIR light at liquid helium temperatures [27–39]. The split S1 and split
S3 signals are asymmetric: the former is characterised by a low-ﬁeld
peak at g=2.035 and the latter has a double trough at the high-ﬁeld
side of g=2 together with a weak broad peak at the low-ﬁeld side. The
split S0 and split S2 signals aremore symmetric, with a signiﬁcant low-
ﬁeld peak and a high-ﬁeld trough centred around the g=2 region.
Studies of PSII and the mechanism of oxygen evolution often
requires the trapping of PSII in the required S state by the application
of laser ﬂash(es) and rapid freezing of the sample. As a result, the
Scheme 1. Sequence of events leading to quantiﬁcation of the S states. In parenthesis we
show where a particular S state was quantiﬁed. A, Synchronisation of samples in the S1
statewasdoneaccording to [12,21,43]. B,Applicationof 0,1, 2 or3 turnover laserﬂash(es) in
order to advance the samples to the S1, S2, S3 or S0 dominated state respectively.
C, Measurements of the S2 state multiline signal in order to quantify the S2 state.
D, Measurements of the split S1 signal (after 0, 1, 2, or 3 turnover ﬂash(es)), the split S3
signal (after 2 turnover ﬂashes) and the split S0 signal (after 3 turnover ﬂashes) in order to
quantify the S1, S3, and S0 states respectively. The signals were induced by visible light
illumination at 5 K. In a parallel series of samples (after 2 and 3 turnover ﬂashes)
measurements of the split S3 signal were performed in order to quantify the S3 state. The
signal was then induced by NIR illumination at 830 nm at 5 K.
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states due to, for example, misses in the S state transitions. In
particular, this is important when high concentration PSII samples are
needed, such as in for example EPR and X-ray spectroscopy
experiments. In this study, we have used split EPR signals from the
S1, S3, and S0 states as well as the S2 state multiline signal to quantify
the distribution of centres in each S state after the application of
varying numbers of laser ﬂashes. Our research opens a new window
for studies of turnover reactions in the OEC using high resolution
spectroscopy.
2. Materials and methods
2.1. Preparation of PSII membranes
PSII-enriched membrane fragments were prepared under dim green light from
deveined spinach leaves according to Berthold et al. [40], with modiﬁcations as in
Völker et al. [41]. The stock PSII membranes (at ca 6–8 mg Chl/ml) were suspended in a
buffer with 25mMMES-NaOH (pH 6.3), 400 mM sucrose, 5 mMMgCl2, 10 mMNaCl and
stored at −80 °C before use. Under saturating continuous illumination, the oxygen
evolution rate was 400±20 µmol of O2 (mg of Chl)−1h−1 in the presence of 0.5 mM
PpBQ. The Chl concentration was determined in 80% ice-cold acetone according to the
method of Arnon [42].
2.2. Synchronisation of the OEC to the S1 state
PSII membranes diluted to 1.9–2.0 mg Chl/ml were ﬁlled in calibrated EPR tubes
and illuminated with room light at 20 °C for 5 min to fully oxidise YD [43]. They were
then dark incubated for 15 min at room temperature. The PSII centres were then
synchronised to the S1 state by the application of a preﬂash procedure followed by dark
adaptation for a further 18 min at room temperature in the absence of electron acceptor
[12,21,43].
2.3. Flash-induced turnover of the individual S states
To study the ﬂash power dependence of the individual S state transitions, the
exogenous electron acceptor PpBQ was added in the pre-ﬂashed samples to a ﬁnal
concentration of 0.5 mM (from a stock solution in DMSO; ﬁnal DMSO 3% v/v). 30 s after
the addition of PpBQ, the samples were transferred to an ethanol bath at 1±1 °C and
allowed to equilibrate for 3 min. After the equilibration, the samples were immediately
given one, two or three ﬂash(es) from a Nd: YAG laser (532 nm, 5 Hz, 6 ns, Spectra
Physics, Newport, USA) with varying output power. After the turnover ﬂashes, the
samples were frozen in an ethanol–dry ice bath at 200 K within 1–2 s and then
immediately transferred to liquid nitrogen where the samples were kept until EPR
measurements. When indicated, the maximal induction of the S2 state by the single
laser ﬂash was veriﬁed by subsequent continuous, saturating illumination at 200 K [12].
2.4. EPR measurement and low temperature illumination protocol
EPR measurements were performed with a Bruker ELEXYS E500 spectrometer
using a SuperX EPR049microwave bridge and a Bruker SHQ4122 cavity. The systemwas
ﬁtted with a liquid helium cryostat and temperature controller (ITC 503) from Oxford
Instruments Ltd. Spectrometer settings are given in the ﬁgure legends.
The split EPR signals were induced by illumination directly into the EPR cavity at
5 K. Illuminationwith visible light was provided by a 150W projector lamp ﬁttedwith a
neutral density ﬁlter (10% T, Schott NG9) according to Zhang and Styring [33]. The light
was ﬁltered through a 5 cm thick CuSO4 solution and directed into the EPR cavity using
a transparent light guide. The intensity measured at the position of the cavity window
was 160 W/m2. NIR illumination at 830 nm was performed with a continuous laser
diode (LQC830-135E laser diode, Newport, USA), with a beam-spreader lens placed in
front of the EPR cavity window. The NIR light intensity applied on the EPR cavity
window was 280 W/m2. The complete procedure describing the sequence of events
from the synchronisation preﬂash protocol to turnover ﬂash(es) and low temperature
illuminations to quantify the different S states is shown in Scheme 1. All EPR signal
intensities were determined from measurements of their spectral amplitudes at
deﬁned magnetic ﬁeld positions as described in the text and ﬁgures. The amplitudes
were thereafter corrected for variations in sample volume and/or chlorophyll
concentration using the non-saturated EPR signal from YDox as described in [44]. We
estimate the precision of our amplitude measurements to be ±3% of the signal size.
3. Results and discussion
3.1. Time and light dependence of different split EPR signals induction
The split S1 and split S0 EPR signals are induced by illumination
with visible light at 5 K. This illumination also induces a narrow
radical EPR signal from competing oxidation of Car or Chl via the Car–ChlZ–Cytb559 pathway [33–35,37–39]. The time dependence of the
induction of the split S0 and split S1 signals under our particular
illumination conditions (see Materials and methods) are shown in
Fig. 1A. Both signals were quickly induced and reached the maximum
amplitude after 4 min illumination with visible light.
The split S3 signal can be induced with both visible and NIR light
(Fig. 1B) [35]. With visible light, 60% of the maximum amplitude was
formed after illumination for 4 min and the maximum was slowly
reached after 60 min. The split S3 signal was also induced at 5 K by
light at 830 nm provided with a narrow band continuous laser diode
and the maximum amplitude was reached after illumination for
60 min. When induced at this wavelength, the split S3 signal is stable
against fast decay [39] and is formed without interference from the
Car–ChlZ–Cytb559 pathway (which is not active at 830 nm). The
maximum split S3 signal obtained by illumination at 830 nm was ca
40% larger than the maximum signal obtained with visible light in an
identical parallel sample (Fig. 1B, inset). There may be several reasons
for this. Firstly, it reﬂects simultaneous formation and decay of the
signal induced by visible light, whereas the signal induced by NIR light
is stable in this time regime [39]. Secondly, it also reﬂects that the light
at 830 nm penetrates deeper into the EPR sample than the visible
light, which is efﬁciently absorbed by PSII centres in the outer layer of
the EPR tube so that PSII centres in the middle are more difﬁcult to
excite [39]. It is also likely that the complex competing photochem-
istry from the Car–ChlZ–Cytb559 pathway, which is only active in
visible light, contributes.
The split EPR signals are induced in a light strength, wavelength [39]
and temperature dependent manner. Except when the split S3 signal is
induced byNIR light, they also decay in the time scale of a fewminutes at
5–10 K. Therefore, the balance between induction and decay governs the
exact amplitude of the EPR signal (see above for the split S3 signal).
Therefore careful control of the exact details in the illumination protocol
used to induce the respective split EPR signals is critical. In the
experiments described here, we have chosen to illuminate the samples
at 5 K during the entire EPR scan to minimise the importance of signal
decay. Despite this, it is noteworthy that even using an optimal
illumination protocol, it is possible that not all PSII centres in a particular
S state are involved in the formation of the corresponding split EPR
signal. Nevertheless, our careful control of the illumination conditions
results in the same proportion of the respective split EPR signals being
induced in response to the same induction conditions. The recorded
EPR signal amplitudes can therefore be directly compared and used as
Fig. 1. Induction of the split EPR signals in different S states by illumination at 5 K. The
EPR spectra shown are the light-minus-dark difference spectra between spectra
recorded during illumination and spectra recorded before illumination. The induction
kinetics was obtained by recording a new EPR spectrum every 60 s during the
illumination and plotting the signal amplitude change against illumination time.
(A) Induction of the split S1 (○) and split S0 (●) EPR signals with visible light, followed at
3250 G and 3220 G, respectively. The inset shows the split S1 (solid line) and split S0
signals (dotted line) induced by visible light illumination. (B) Induction of the split S3
EPR signal by visible light (□) and NIR light at 830 nm (■) followed at 3393 G. The inset
shows the split S3 EPR signal induced by visible light illumination (dotted line) and NIR
light at 830 nm (solid line) for 60 min. The bars in the inset spectra show the ﬁeld
positions used for data analysis. The arrows indicate the start of the illumination. The
amplitudes plotted in A and B are normalised to the maximum signal (set to 100%)
obtained in the respective experiments. EPR conditions: microwave power, 25 mW;
microwave frequency, 9.27 GHz; modulation amplitude, 10 G; temperature, 5 K.
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here we make use of this and in all experiments we apply either 4 min
continuous illumination with visible light (for the split S1, split S3 and
split S0 signals) or 9 min illumination at 830 nm (for the split S3 signal).
3.2. Concentration dependence of the split S1 EPR signal amplitude
Fig. 2 shows the split S1 EPR signals (Fig. 2A) induced by visible light
illumination for 4 min at 5 K and the S2 multiline EPR signals (Fig. 2B)
recorded in samples given a single laser ﬂash at differentﬂash powers at
1±1 °C. In the dark (unﬂashed) sample, all PSII centres are in the S1 state
through theuseof apreﬂashprocedure that is considered to synchronise
the absolute majority of the centres to the S1 state [12,21,43]. This was
veriﬁed in a sample which was studied after the preﬂash procedure
without the application of turnover ﬂashes. In this sample, the
illumination at 5 K resulted in a large split S1 signal while we could
not observe any trace of the split S0 signal. The sample was alsocompletely devoid of the S2 multiline signal (Fig. 2B, spectrum a). Thus
the maximal split S1 signal intensity (measured at 3250 G, Fig. 2A,
spectrum a) represents 100% of the PSII centres. When one laser ﬂash
was applied, the induced split S1 signal intensity decreased,whereas the
S2 state multiline signal intensity increased (Fig. 2B). The more intense
the applied laserﬂash, the less intense the split S1 signal became, and the
more S2 state multiline signal was observed. This reﬂects the advance-
ment of the PSII centres in the S1 state to the S2 state.
When laser ﬂashes at intermediate power were provided, this
resulted in samples where both EPR signals could be observed as
expected (Fig. 2A, spectra b, c and Fig. 2B spectra b, c), indicating
incomplete turnover due to the non-saturating laser ﬂash. When the
laser ﬂashwas given atmaximumoutput power (840mJ), this resulted
in the formation of themaximumS2multiline signal (Fig. 2B, spectrum
d). Interestingly, the split S1 signal was not detectable in the same
sample, suggesting complete turnover of S1 to S2 by the single ﬂash
(Fig. 2A, spectrum d). We estimate the detection limit to be b5% of the
maximum signal. To make this assignment clearer we have drawn a
baseline in Fig. 2A. It can be seen that the prominent peak from the split
S1 signal (at 3250 G, Fig. 2A, spectrum a) is absent in spectrum d.
Instead the spectrum contains a very small undulating signal. The
identity of this signal is not known and attempts to further characterise
this signal are in progress. It is clear that the application of the low
power laserﬂash does not allow full turnover, which can by contrast be
achieved at the highest ﬂash power we have at our disposal.
The complete turnover in the S1 → S2 transition obtained with
maximal laser power under our experimental conditions could also be
veriﬁed bymeasurement of the induction of the S2 state by continuous
illumination at 200 K. The S2 state multiline signal has been widely
studied and it is well established that its amplitude can be used for the
quantiﬁcation of S2 state centres [12,17]. In such studies, a large S2
multiline signal is observed after the application of one saturating
laser ﬂash, bringing most (or all, see below) S1 centres to the S2 state.
Any centres remaining in the S1 state after the ﬂash can then be
brought to the S2 state by an additional illumination at 200 K. The
combined S2 multiline signal is then considered to represent 100% of
the PSII centres [12,45]. When the laser ﬂash is provided at 20–25 °C,
the subsequent illumination at 200 K normally results in an increase
of 10±5% in the amplitude of the S2 multiline signals [12,21,45–47],
indicating a substantial fraction of misses.
We performed this experiment on our synchronised PSII samples.
Interestingly, the amplitude of the S2 multiline induced by the single
laser ﬂash provided at 1±1 °C with maximal ﬂash power (840 mJ)
(Fig. 2B, spectrum d) did not increase after additional illumination at
200 K (Fig. 2B, spectrum e). This is a strong indication that no PSII
centres remained in the S1 state after the powerful laser ﬂash. In this
case it should also be mentioned that no g=4.1 signal from the S2 state
was induced either by our ﬂash protocol or by the subsequent
illumination at 200 K (supplementary Figure A).
Thus, we arrive at the same conclusion that there are no misses in
the S1→ S2 transition at 1±1 °C both from the measurement of the S2
multiline signal formed and the disappearance of the split S1 signal.
Consequently, the S2 multiline signal intensity induced by a single
saturating ﬂash at 1±1 °C represents 100% of the PSII centres being in
the S2 state, and all other S2 multiline signal amplitudes are scaled to
this value.
We also attempted to use the amplitude of the split S1 signal as a new
probe of the concentration of the S1 state. Fig. 2C shows the ﬂash power
dependence of the formation of the S2 state (as measured by the S2
multiline signal) and the disappearance of the S1 state (as measured by
the split S1 signal). Themaximum intensity of the split S1 signal induced
in the synchronised, unﬂashed sample and the S2multiline EPR signal in
the one-ﬂash sample correspond to 100% of the PSII centres being in the
S1 state and the S2 state respectively. Therefore, the signal intensities in
samples containing amixture of S1 and S2 state centres could be used to
calculate the proportion of the S1 and S2 states.
Fig. 2. Efﬁciency of the S1→ S2 transition at 1±1 °C in samples providedwith one ﬂash with different laser power. (A) Split S1 EPR signal induced by visible light illumination for 4min
at 5 K in samples given one laser ﬂash at output powers of 0 mJ=dark (a), 20 mJ (b), 120 mJ (c), and 840 mJ (d). The spectra are light-minus-dark difference spectra. EPR conditions:
microwave power, 25 mW; microwave frequency, 9.27 GHz; modulation amplitude, 10 G; temperature, 5 K. (B) S2 multiline EPR signals (only the low-ﬁeld part of the EPR spectra is
shown) from samples exposed to one laser ﬂash at output powers of 0 mJ=dark (a), 20 mJ (b), 120 mJ (c), and 840 mJ (d). Spectrum e was obtained by continuous illumination of
sample d at 200 K for 5 min. EPR conditions: microwave power, 10 mW; microwave frequency, 9.27 GHz; modulation amplitude, 20 G; temperature, 10 K. Peaks used to estimate the
amplitude of the EPR signals are indicated by the bars. (C) Normalised amplitudes showing the laser ﬂash power dependence of the signal intensities of the split S1 (○) and S2
multiline EPR signals (●). The split S1 signal in the dark (0 mJ, Fig. 2A, a) and the maximally obtained S2 multiline signal (840 mJ, Fig. 2B, d) are set to 100%, respectively (dotted line).
The inset shows the amplitudes of S2 multiline signal induced at output powers between 240 mJ and 840 mJ. (D) Correlation of the split S1 signal induced by 5 K illumination and S2
multiline signal after the application of one ﬂash at different laser power at 1±1 °C.
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correlation between the intensities of the split S1 and S2 multiline EPR
signals measured in the same sample (Fig. 2D). This is a useful result
and indicates that both EPR signals can be used to determine the
fraction of PSII present in the respective S state. This was known
before in the case of the S2 multiline signal but has so far not been
demonstrated for the split S1 EPR signal.
In summary, the S1 split signal could be used as a probe for S1 state
centres in samples containing a mixture of S1 and S2 state centres. It
was also found that the application of one saturating ﬂash to an S1
synchronised sample at 1±1 °C gave 100% induction of S2 centres. This
is an important result, indicating that the S1→ S2 transition does not
involve any kind of misses or back reactions under these conditions. To
the best of our knowledge, this is the ﬁrst clear example of an S state
transition occurring without misses.
3.3. Concentration dependence of the split S3 EPR signal amplitude
The application of two laser ﬂashes at 1±1 °C resulted in the
appearance of both the S2 and S3 states (Fig. 3). The S2 statewas probed
by the S2 multiline signal (see above) while the remaining centres inthe S1 and S3 states were probed by their respective split signals. The
split EPR signals were induced by visible light illumination for 4min in
the two-ﬂash samples and the observed split EPR signals reﬂect a
mixture of PSII centres in the S1 and S3 states (Fig. 3A). Increasing the
power of the ﬂash, the sample successively became dominated by
the S3 state, though with some PSII centres always remaining in the S1
and/or S2 states. In these spectra, the high-ﬁeld trough (3393 G) is free
from split S1 and was used to analyse the S3 state.
The analysis of the split S1 signal was complicated, since the split S3
signal gives rise to a low-ﬁeld peak centred at 3205 G which partly
overlaps with the split S1 peak as seen in the split S3 signal obtained by
NIR illumination at 830 nm (Fig. 3A, spectrum e). Since the S1 split
signal is not induced by NIR illumination at 5 K (not shown), the split
S3 signal induced in this manner can be regarded as a “clean” split S3
signal. Therefore, the analysis of the split S1 signal in mixed EPR
spectra can be achieved by subtraction of a weighted fraction of the
NIR-induced split S3 signal. The high-ﬁeld side of the split S3 signal in
the mixed spectra, which does not overlap with any part of the split S1
signal, is used as a scaling reference.
In samples exposed to laser ﬂashes at lower power (e. g. 20 mJ,
Fig. 3A, spectrum b), the sample contained a considerable fraction of
Fig. 3. Efﬁciency of the formation of the S3 state at 1±1 °C with two ﬂashes at different laser power. (A) Split EPR signals induced by illumination at 5 K of samples given two laser
ﬂashes at output powers of 0 mJ=dark (a), 20 mJ (b), 120 mJ (c), and 840 mJ (d, e). The spectra are light-minus-dark difference spectra. Spectra a–d were induced by illumination for
4 min with visible light while spectrum e shows the split S3 EPR signal induced by continuous laser light at 830 nm for 9 min. Spectra f and g were obtained by subtraction of a
weighted fraction of the “clean” split S3 signal (spectrum e) from spectra b and d respectively, based on the size of the high-ﬁeld troughs. The bars indicate the peak (3250 G) and
trough (3393 G) used to estimate the amplitude of the split EPR signals. EPR conditions were as in Fig. 2A. (B) Normalised amplitudes showing the laser ﬂash power dependence of the
relative signal intensities of the split S1 (♦), the S2 multiline (●) (spectra not shown) and the split S3 (▲) EPR signals. The amplitudes of the split S1 signal in the dark sample and the S2
multiline after one saturating ﬂash at 1±1 °C represent 100% of PSII. The amplitude of the split S3 signal in the sample given two saturating ﬂashes (840mJ) represents 65% of PSII (see
the text for discussion). (C) Correlation of the relative percentage of PSII in the S3 state determined from the split S3 signal and the summed fraction of PSII in the S1 and S2 states
determined from the split S1 and S2 multiline signals in samples given two ﬂashes at different power at 1±1 °C. The correlation is shown for the split S3 signal induced by visible light
illumination for 4 min (■) or by NIR light illumination for 9 min at 830 nm (△).
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deconvoluted spectrum (Fig. 3A, spectrum f). This allows quantiﬁca-
tion of the S1 state by comparison to the split S1 signal in the zero-ﬂash
sample, which represented 100% of PSII (see above).
After two ﬂashes at maximum output power (840 mJ), the resulting
EPR spectrum after subtraction of the split S3 signal is shown in Fig. 3A,
spectrum g. There is no observable split S1 signal in this spectrum. Thus,
only the S2 and S3 states are present after the two ﬂashes at maximum
ﬂashpower. This is in agreementwith the conclusion above that theS1→
S2 turnover is complete upon the application of a laserﬂash at full power
at 1±1 °C. The PSII centres in the S2 state can be quantiﬁed with the S2
multiline signal (see above) while the remaining PSII centres give rise to
the split S3 signal. After two ﬂashes at maximum output power, the
analysis of the S2 multiline signal revealed that 35% of the PSII centres
were in the S2 state (not shown). Consequently, the recorded split S3
signal (Fig. 3A, spectrum d) represents 65% of the PSII centres. Using this
value, the relative fraction of PSII centres in the S3 state was calculated
from the intensity of the split S3 signal in all mixed samples.
Based on this information, the fractions of the S1, S2 and S3 states
could be quantiﬁed in the samples obtained after exposure to the non-
saturating laser ﬂashes (Fig. 3B). With increasing laser ﬂash power, theS3 state (as measured by the split S3 signal) involves an increasing
fraction of PSII centres while the fraction of S1 centres (as measured by
the split S1 signal) decreased, completely vanishing at the maximum
ﬂash power. However, the observation that a substantial fraction of
the S2 state (as measured by the S2 multiline signal) is present even
after two ﬂashes at the highest power indicates that a substantial miss
occurs in the second ﬂash. This is an important observation and
indicates a very S state dependent miss pattern at 1±1 °C.
We also investigated whether the split S3 signal can be used to
determine the concentration of the S3 state. This was done by plotting
the fraction of PSII in the S3 state against the summed fractions of PSII in
the S1 and S2 states (data fromFig. 3B). The result is shown in Fig. 3C. The
linear inverse correlation demonstrates that the amplitude of the split S3
signal can be used as a spectroscopic probe to quantify the S3 state.
The same holds for the “clean” split S3 signal induced by NIR light
at 830 nm (Fig. 3C). Thus, despite the fact that the maximal split S3
signal obtained by NIR light was bigger than the signal obtained by
visible light (Fig. 1B), both signals could be used to probe the fraction
of the centres in the S3 state. This also proves our concept that,
provided that the illumination scheme is carefully controlled, the split
signals are a useful probe to quantify the various S states.
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Fig. 4 shows the laser ﬂash power dependence of the S state
dependent EPR signals in PSII samples given three ﬂashes at 1±1 °C. In
samples exposed to three ﬂashes, the S0 state was reached, but some
PSII centres still remained in the S1, S2 and S3 states. The fraction in the
S2 state could be determined from the S2 multiline signal as before.
However, the EPR spectrum recorded after visible light illumination
for 4 min at 5 K contained a mixture of the split S0, split S1 and split S3
EPR signals (Fig. 4A, spectra a–d) [37–39].
Due to the simultaneous presence of all of these S states in the
sample, the analysis ismore complex than for one- or two-ﬂash samples.
To facilitate the analysis, the split S3 signal was ﬁrst quantiﬁed by
selectively inducing it with illumination at 830 nm in a parallel series
(three laser ﬂashes at similar laser powers). The proportion of PSII in the
S3 statewas then obtained by comparison of these spectrawith the NIR-
induced split S3 signal from a sample exposed to two saturating ﬂashes
where 65% of PSII was in the S3 state (Fig. 3A, spectrum e).Fig. 4. Efﬁciency of the formation of the S0 state at 1±1 °C with three ﬂashes at different laser
at output powers of 0mJ=dark (a), 20mJ (b),120mJ (c), and 840mJ (d), (e). The spectra are lig
light for 4minwhile spectrum e is the split S3 signal induced by NIR light for 9min at 830 nm.
signal from spectra d and b respectively. Therefore, spectrum f shows the “pure” split S0 signa
the split S0 and split S1 signals due to the low laser power applied (20 mJ). Spectrum h is obta
the high-ﬁeld trough as reference. The bars indicate the peaks (split S1, 3250 G) and troughs (s
signals. EPR conditions were as in Fig. 2A. (B) Normalised amplitudes showing the laser ﬂash
(spectra not shown), split S3 (▲) and split S0 (△) signals. The amplitude of the split S1 signa
represent 100% of PSII. The amplitudes of the split S3 signal in a sample given two saturating ﬂ
represent 65% and 55% of the PS II centres respectively (see text for explanation). (C) Correla
amplitude and the combined fractions of PSII in the S2, S1 and S3 states determined from resp
three ﬂashes with different laser powers. The inset shows the ﬂash-dependent oscillation pa
(35%) on the S2 → S3 transition both in the 2nd and 3rd ﬂash. The ﬂashes were given at 5 HUsing these quantiﬁcations for scaling, the contribution of the split
S3 signal could then be removed from to the visible light induced
mixed split signal spectra (Fig. 4A) by weighted subtraction of the
“pure” visible light induced split S3 signal (Fig. 3A, spectrum d). The
resulting EPR spectra, while still mixed, contain only contributions
from the split S0 and/or the split S1 EPR signals. Examples of these
spectra are shown in Fig. 4A (f, g). Note that the extracted spectrum
from the sample provided with three saturating ﬂashes (laser power
at 840 mJ) did not contain any contribution from the S1 state (Fig. 4A
spectrum f) again consistent with the result that one saturating ﬂash
results in complete S1→ S2 turnover. Hence, this spectrum represents
the “pure” split S0 signal induced from the PSII centres that reached
the S0 state with three saturating ﬂashes.
The results in this experiment show that the S state composition in
a sample exposed to three saturating ﬂashes is 21% in the S2 state and
24% in the S3 state as determined from the S2 state multiline (not
shown) and split S3 signals, respectively. Thus, the maximal split S0
EPR signal (Fig. 4A, spectrum f) represented 55% of PSII. This type ofpower. (A) Split EPR signals induced by illumination at 5 K in samples given three ﬂashes
ht-minus-dark difference spectra. Spectra a–dwere induced by illuminationwith visible
Spectra f and g are the spectra obtained by subtracting aweighted fraction of the split S3
l after three ﬂashes at high laser power (840 mJ) while spectrum g contains a mixture of
ined by subtracting the weighted split S0 signal (from spectrum f) from spectrum g with
plit S3, 3393 G; split S0, 3382 G) used to estimate the amplitude of the different split EPR
power dependence of the relative signal intensities of the split S1 (○), S2 multiline (●)
l in the dark sample and the S2 multiline after one saturating ﬂash at 1±1 °C are set to
ashes (840mJ) and the split S0 signal in a sample given three saturating ﬂashes (840mJ)
tion of the relative percentage of PSII in the S0 state determined from the split S0 signal
ectively the S2 multiline, split S1 and the split S3 signals recorded in samples exposed to
ttern of the S2 multiline EPR signal (●) and ﬁt (▽), assuming the same miss parameter
z (840 mJ, 532 nm) and 1±1 °C.
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signal from the S0 state) and the fraction of PSII centres in the S0 state
in a mixed S state sample has not been attempted before.
We therefore tested if we could use the split S0 signal to determine
the fraction of S0 in samples where this varied due to the use of varying
laser power. As above, subtraction of the contribution from the split S3
signal results in EPR spectra that contain a mixture of the split S1 and
split S0 signals. Since the high-ﬁeld trough (3382 G) in these spectra is
free fromcontributions from the split S1 signal (c.f. Fig. 2A), thiswasused
to analyze the S0 state. Using themaximal pure split S0 signal as a scaling
reference (corresponding to 55% of PSII, see above), the contribution
from the split S0 signal was removed by weighted subtraction. This
resulted in spectrawith a “clean” split S1 signal (Fig. 3A, h),which in turn
allowed determination of the S1 state by comparison with the split S1
signal in the unﬂashed sample (representing 100% of PSII).
Fig. 4B shows the quantitative analysis of the S state composition in
samples exposed to three laser ﬂashes at varying power using EPR
spectra similar to those in Fig. 4A and EPR spectra of the S2 multiline
signal (not shown). It is seen that,with the laserﬂash power increasing,
the S0 state became dominating in the PSII sample. Only at very high
ﬂash power did the laser light not seem to be the limiting factor.
The data in Fig. 4B were used to investigate whether the size of the
split S0 signal could also be used to quantify the S0 state. The plot
clearly shows that the fraction of centres in the S0 state, determined
from the normalised amplitude of the split S0 signal, is linearly and
inversely correlated to the combined fraction of PSII centres present in
the S1, S2 and S3 states (Fig. 4C). Thus, it is possible to use the relative
amplitude of the split S0 signal for quantitative analysis of the fraction
of PSII present in the S0 state.
It is most difﬁcult to determine the distribution of the different S
states in the three-ﬂash samples since they contain PSII centres in the
S2, S3, and S0 states and, potentially, in the S1 state. The reasons for this
mixed distribution are themisses which occur on the S2→ S3 and S3→
S0 transitions while there is nomiss in the S1→ S2 transition. The inset
in Fig. 4C shows the oscillation pattern of the S2 multiline EPR signal in
the PSII samples after 0,1, 2 and 3 saturating laser ﬂashes given at 5 Hz
frequency and 1±1 °C. We observed that 35% and 21% of the S2
multiline signal remained after the second and third ﬂash respectively
(Figs. 3B, 4B and inset in Fig. 4C). As discussed above this indicates that
a signiﬁcant miss (35%) occurs on the S2 → S3 transition. Our ﬁtting
using the samemiss parameter (35%) for both the second and the third
ﬂash indicates that a lower fraction (12%) of the PSII centres should
have remained in the S2 state after the third ﬂash as compared to the
measured fraction (21%). Seemingly, the third ﬂash does not turn these
PSII centres remaining in the S2 state over with the same efﬁciency. At
ﬁrst glance this suggests that a fraction of the PSII centers is stuck in
the S2 state as was observed before [48,49]. However, an alternative
explanation, which we prefer, reﬂects limitations in the electron
transfer on the acceptor side of PSII due to the low temperature (1±
1 °C) in the experiment. If this is the case, the ﬂash advancement on
the second and third ﬂash (and thereafter) would occur with higher
efﬁciency at lower ﬂash frequencies. Experiments to test this
hypothesis are in progress.
4. Conclusions
In this study, we have attempted to quantify the PSII centres in all S
states through the use of the recently discovered split EPR signals from
the S0, S1 and S3 states, induced by illumination at 5 K, and the well-
studied S2 state multiline signal. This is an improvement compared to
earlier EPR studies and many X-ray studies where only the S2 state
could be followed using the S2 state multiline signal [47–50]. The
results demonstrate that these split EPR signals provide a novel
probe to study the S state transitions individually that is more direct
than the commonly used analysis of ﬂash-dependent oxygen yield
measurements.At present, there are no other direct methods available for the
study of distribution of the S states using the same experimental
technique. Therefore, investigations of the S state cycle using these
EPR spectroscopy probes provide a new opportunity to study the
individual S-transitions and S-cycle efﬁciency. In addition, by varying
other parameters such as temperature and pH, it will be possible to
follow how the particular S-state transition and back reactions are
affected. In this way, new information on the kinetics and thermo-
dynamics of the PSII water-oxidizing mechanism could be gained. We
are presently conducting a study on the temperature dependence of
the misses in the different S state transitions. This has been triggered
by the interesting observation that the S1 → S2 transition proceeds
without any misses at 1±1 °C.
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